Background: The risk of chronic disease is lower in obese men who are fit and active than obese men who are unfit and inactive. Methods/Objectives: Magnetic resonance imaging and spectroscopy were used to assess total and regional adipose tissue in 13 men who were slim, fit and active (the slim-fit), in 12 men who were slim, unfit and inactive (the slim-unfit), in 13 men who were fat, fit and active (the fat-fit) and in 12 men who were fat, unfit and inactive (the fat-unfit), in order to investigate the hypothesis that visceral fat and liver fat are lower in the fat-fit than the fat-unfit. Waist girth was used to distinguish slim men (p90 cm) and fat men (X100 cm). Maximal oxygen consumption was used to identify fit men (above average for age) and unfit men (average or below for age). Fit men reported at least 60 min of vigorous aerobic activity per week and unfit men reported no regular moderate or vigorous activity in the last 2 years. Results: Total fat was not significantly different in the slim-fit and the slim unfit, but the proportion of internal fat was significantly lower (Po0.05) and the proportion of visceral fat was almost significantly lower (P ¼ 0.06) in the slim-fit than all other groups. Total fat was not significantly different in the fat-fit and the fat-unfit, but visceral fat and liver fat were significantly lower in the fat-fit than the fat-unfit (Po0.01). Waist girth and years of exercise explained 84% of the variance in total fat, waist girth and maximal oxygen consumption explained 70% of the variance in visceral fat, and waist girth alone explained 25% of the variance in liver fat. Conclusion: Chronic disease risk may be lower because visceral fat and liver fat are lower in men who are fat, fit and active.
Introduction
Blair and colleagues 1, 2 first suggested that physical activity is associated with reduced risk of chronic disease in the 'fat-fit'.
In an early study, they found that cardiovascular disease risk was lower in 3217 men who were fat, fit and active compared with 2182 men who were fat, unfit and inactive. 3 Cardiovascular and all-cause mortality were also lower in men who were fat, fit and active than 1852 men who were normal weight, unfit and inactive. 3 In later studies, Blair et al. 2, 4 assessed physical fitness instead of physical activity because fitness can be more accurately measured and because fitness is largely the product of aerobic activity. It might be appropriate to assume that physical fitness is a reflection of habitual activity in large prospective studies because most fit men are active; 3 however, physical activity should be directly assessed in smaller studies to avoid bias. 5 This study was designed to investigate total fat, visceral fat and liver fat in men who were slim, fit and active (the slimfit), men who were slim, unfit and inactive (the slim-unfit), men who were fat, fit and active (the fat-fit), and men who were fat, unfit and inactive (the fat-unfit). Visceral fat is associated with increased risk of type 2 diabetes and cardiovascular disease, 6 and cross-sectional studies have found that visceral fat is lower in fit men than unfit men of a given body mass index (BMI). [7] [8] [9] These studies suggest that physical activity is associated with lower levels of visceral fat, but it is unclear if participants were fat, fit and active. [7] [8] [9] Liver fat is also associated with type 2 diabetes and cardiovascular disease, 10 but the relationships between physical activity, physical fitness and liver fat have not been investigated. We hypothesized that visceral fat and liver fat would be lower in the slim-fit than the other groups. We also hypothesized that visceral fat and liver fat would be lower in the fat-fit than in the fat-unfit.
Methods
Participants A total of 50 volunteers aged 34-56 years were recruited from 208 non-smoking, non-alcoholic Caucasian men who took part in health and fitness tests between July 2002 and November 2008. Waist girth, fitness level and exercise habit were used to distinguish 13 men who were slim, fit and active (the 'slim-fit'), 12 men who were slim, unfit and inactive (the 'slim-unfit'), 13 men who were fat, fit and active (the 'fat-fit'), and 12 men who were fat, unfit and inactive (the 'fat-unfit'). The Hammersmith Hospital Research Ethics Committee approved this study and all participants gave written informed consent (REC reference number 04/Q0403/87). The study protocol conformed to the ethical guidelines outlined in the 1975 Declaration of Helsinki.
Fatness, fitness and activity Waist girth was measured with an inelastic tape in a horizontal plane at the narrowest part of the torso 11 and values p90 cm were used to identify slim men and values X100 cm were used to identify fat men. Aerobic fitness was assessed during an incremental cycling test and oxygen consumption was measured using an automated gas analyzer that was periodically validated against the Douglas bag technique (Oxycon Pro, Viasys Healthcare, Hoechberg, Germany). Maximal oxygen consumption (VO 2 max) was expressed in absolute terms (l per min) and men who scored 'very poor', 'poor', 'fair' or 'average' were deemed unfit and men who scored 'good', 'very good' or 'excellent' were deemed fit in relation to age-specific norms. 12 Fitness categories were derived from absolute values because heavier individuals are penalized when VO 2 max is expressed relative to body weight. For example, a man weighing 110 kg of 40 years of age may have a VO 2 max of 4.0 l min
À1
, which is excellent compared with an untrained man of the same age. 12 The same individual has a score of 36 ml kg À1 min
when VO 2 max is expressed relative to body weight, which is less than average compared with an untrained man of the same age. 12 To reduce the risk of cardiovascular injury, exercise tests were terminated at 80% of age-predicted maximum heart rate in three fat-unfit individuals and VO 2 max was estimated by extrapolating submaximal heart rate and oxygen uptake values. Physical activity was assessed using the Five-City Project Physical Activity Recall Questionnaire. 13 We only included unfit men who reported no regular moderate or vigorous activity in the last 2years and fit men who reported taking part in at least 60 min of vigorous aerobic activity per week in the last 2 years, which is the minimum amount recommended to develop and maintain cardiorespiratory fitness. 14 Moderateintensity activities are those B4 metabolic equivalents (METs) and vigorous-intensity activities are those X6 METs, where 1 MET is equivalent to the energy expended at rest. 15, 16 Magnetic resonance imaging and spectroscopy Magnetic resonance (MR) images were obtained using a 1.5T multinuclear scanner (Achieva, Philips Medical Systems, Best, the Netherlands). The sequences acquired included a whole-body axial T 1 -weighted spin echo sequence using a body coil and no respiratory gating (typical parameters: repetition time 560 ms, echo time 18 ms, slice thickness 10 mm, interslice gap 10 mm, flip angle 901, number of excitations 1). Participants were positioned in the magnet in a prone position with their arms straight above their head and were scanned from their fingertips to their toes. Images were acquired as nine equal stacks of twelve slices at the isocentre of the magnet. Images were quantified by an independent data analysis company (Vardis Group, London, UK), using SliceOmatic (Tomovision, Montreal, Quebec, Canada). The total internal fat content of each participant was subdivided into visceral and nonvisceral internal body fat. Visceral fat content was determined by quantifying fat signals in the slices from the femoral heads to the slice containing the top of the liver or the bottom of the lungs, usually between 15 and 17 slices in most individuals. 17 Subcutaneous fat in these slices was labelled as 'subcutaneous abdominal adipose tissue' (SAAT). All other fat was labelled as 'nonvisceral internal fat'. The coefficient of variation of these methods is low, ranging from o1% for total fat to 5% for visceral fat. 18 The proton MR spectroscopy methods have been described in detail elsewhere. 19 Briefly, 1 H MR spectra of the liver were acquired using a point-resolved spectroscopy (PRESS) sequence without water suppression (typical parameters: repetition time 1500 ms, echo time 135 ms, voxel size 20 Â 20 Â 20 mm, flip angle 901, number of excitations 64). The voxel was placed in an area of the liver that avoided the gall bladder, adipose tissue and main blood vessels. Intrahepatocellular lipids (IHCLs) were expressed as a percentage ratio of the CH 2 lipid peak area relative to the water peak area (geometric mean). Intramyocellular lipids (IMCLs) were assessed by obtaining proton MR spectra from the soleus and tibialis muscles of the left calf, using the same PRESS sequence described above. The voxel was placed in an area that avoided visible streaky fat and main blood vessels. Lipid resonances were quantified with reference to total creatine in the muscle and relative to water in the liver, as previously described. 19 The coefficient of variation for these methods is B7% for IHCL 19 and 2% for IMCL. 20 
Statistical methods
Descriptive characteristics were compared using univariate general linear model analysis of variance with Bonferroni
post hoc tests. MR imaging and spectroscopy data were compared using general linear model analysis of covariance with Sidak post hoc tests. Age and height were the covariates in the comparisons of the slim-fit, the slim-unfit, the fat-fit and the fat-unfit. Age, height and BMI were the covariates in the comparisons of the 26 fit and active men and the 24 unfit and inactive men. Multiple linear regression was used to investigate if simple measures of fitness (VO 2 max), fatness (waist girth) and activity (years of exercise) could predict total and regional adipose tissue levels. The probability of F was used to retain (o0.05) or remove (X0.10) predictors in backwards elimination models. Only one measure of fitness, fatness and activity was used in each regression model because there was evidence of collinearity when two measures were included. All data were analyzed using SPSS for Windows, version 15.0 (SPSS Inc., Chicago, IL, USA). All P values presented are two-tailed.
Results Table 1 presents the descriptive characteristics of the slim-fit, the slim-unfit, the fat-fit and the fat-unfit. There were no significant differences in age between the groups. Waist girth ranged from 76 to 90 cm in the slim-fit and the slim-unfit and the average values were not significantly different. Waist girth was significantly higher in the fat-fit and the fat-unfit, ranging from 101 to 136 cm. Body mass index and waistto-hip ratio were also indicative of group classifications. Maximal oxygen consumption ranged from 3.31 to 5.49 l min À1 in the slim-fit and from 3.44 to 4.50 l min À1 in the fat-fit, and the average values were not significantly different. Maximal oxygen uptake was significantly lower in unfit men. Self-reported vigorous activity ranged from 2 to 13 h per week and exercise history ranged from 2 to 33 years in the slim-fit and the fat-fit. Fit men took part in aerobic exercise or a mixture of aerobic and resistance exercises. The slim-unfit and the fat-unfit reported no regular moderate or vigorous activity in the last 2 years. Table 2 presents the MR imaging data. Total fat ranged from 9 to 25 l in the slim-fit and the slim-unfit, and the average values were not significantly different. Total fat was significantly higher in unfit men, ranging from 26 to 68 l in the fat-fit and from 28 to 52 l in the fat-unfit. Subcutaneous fat and subcutaneous abdominal fat followed similar patterns. The amount of internal fat was not significantly different in the slim-fit and the slim-unfit, but was higher in the fat-fit, and still higher in the fat-unfit. However, the proportion of internal fat was lower in the slim-fit than the slim-unfit, was not significantly different in the slim-unfit and the fat-fit, and was higher in the fat-unfit (Figure 1 ). The amount of visceral fat was not significantly different in the slim-fit and the slimunfit, but was higher in the fat-fit, and still higher in the fatunfit. The proportion of visceral fat was almost significantly Table 1 Characteristics of the slim-fit, slim-unfit, fat-fit and fat-unfit groups Significantly different to slim-unfit after adjustment for age and height, Po0.05.
z Significantly different to fat-fit after adjustment for age and height, Po0.05.
Fat distribution in the 'fat-fit' G O'Donovan et al different in the slim-fit and the slim-unfit (P ¼ 0.06), was not significantly different in the slim-unfit and the fat-fit, and was higher in the fat-unfit (Figure 1 ). The ratio of visceral adipose tissue to subcutaneous adipose tissue was B0.5 in the slim-fit and the fat-fit and it approached 1.0 in the slim-unfit and the fat-unfit. IHCLs were not significantly different in the slim-fit, the slim-unfit and the fat-fit, but were higher in the fat-unfit. There were no significant differences in the soleus or tibialis IMCL. The amount of visceral fat and the amount of IHCL were significantly lower in the 26 fit and active men compared with the 24 unfit and inactive men, independent of age, height and BMI (Figure 2) . A number of significant predictors of total and regional fat were identified in multiple linear regression models (Table 3) . For example, waist girth and years of exercise explained 84% of the variance in total fat, waist girth and VO 2 max explained 70% of the variance in visceral fat, and waist girth explained 25% of the variance in IHCLs. Regression coefficients indicated that a 10 cm increase in waist girth was associated with a 7.3 l increase in total fat and a 1.3 l increase in visceral fat. In contrast, a 0.5 l min À1 increase in VO 2 max was associated with a 0.5 l reduction in visceral fat.
Discussion
This study suggests that visceral fat and liver fat are lower in men who are fat, fit and active than men who are fat, unfit and inactive. These findings may help explain why the risk of chronic disease is lower in the 'fat-fit' than the 'fatunfit'. 21 It is important to explain how it is possible to be fat, fit and healthy because weight loss is difficult to achieve. 22 Several investigators have compared visceral fat in fit men and unfit men of different waist girth or BMI. [7] [8] [9] Wong et al. obtained five to seven computed tomography images bordered by the L4-L5 and L3-L4 vertebral disc spaces and found that visceral fat was lower in 169 fit men than 124 unfit men of a given BMI (fit men were those in the highest two quintiles and unfit men were those in the lowest two quintiles of treadmill time). Lee et al. 7 obtained a single computed tomography or MR image at L4-L5 and found that visceral fat was lower in 147 men who were fat and fit (BMI 26.9±3.2 and highest 40% of treadmill times) than 56 men who were fat and unfit (BMI 32.1 ± 3.5 and lowest 20% of treadmill times). Fit men also had lower triglyceride and higher high-density lipoprotein cholesterol levels for a given waist girth or amount of visceral fat. Arsenault et al. 9 obtained a single computed tomography image at L4-L5 and found that visceral fat was lower in 58 fit men than 58 unfit men matched for BMI (fit men were above the 50th percentile and unfit men were below the 50th percentile in submaximal cycling tests). The cardiovascular disease risk Fat distribution in the 'fat-fit' G O'Donovan et al factor profile of fit men was also better than that of unfit men matched for BMI. Physical activity was not assessed in any of these studies and the authors could only speculate that physical activity was associated with lower levels of visceral fat.
Genetic factors explain around 40-50% of the variance in aerobic fitness 23 and around 2-40% of sedentary men perform well in fitness tests. 3, 24 We excluded 'naturally fit' men from this study because the available evidence suggests that fitness does not reduce the risk of chronic disease in sedentary men. 24, 25 For example, physical activity and physical fitness were assessed in 4999 middle-aged men in the Copenhagen Male Study and coronary heart disease rates were comparable in those who were fit and sedentary and those who were unfit and sedentary during 17 years of follow-up. 24 In contrast, coronary heart disease rates fell across fitness quintiles in active men. These data suggest that the protective effects of physical fitness are mediated through physical activity and that 'naturally fit' individuals do not share a selective advantage that confers both the capacity for high levels of physical activity and protection from chronic disease. We carefully identified men who were fat, fit and active in this study. Waist girth was measured because large studies suggest it is a stronger predictor of disease than general adiposity. 26, 27 There is no consensus on waist girth thresholds, 28 but a waist girth of 100 cm is associated with the accumulation of visceral adipose tissue. 29 A waist girth of p90 cm was used to define slim individuals to avoid misclassification. Maximal oxygen consumption is the 'gold standard' measure of aerobic fitness, and 'fit' and 'unfit' men were defined with reference to healthy, untrained men of the same age. 12 The norms were largely derived from cycling tests and VO 2 max was expressed independent of body weight to avoid penalizing heavier individuals. Vigorous activity is recalled with accuracy 30 and we only recruited fit men who reported taking part in at least 60 min of vigorous activity per week in the last 2 years.
Waist girth is a surrogate measure of visceral fat 31 and it has been suggested that waist girth is a better predictor of cardiovascular disease risk than aerobic fitness. 32 Waist girth was associated with visceral fat in this study, but there were no significant differences in waist girth between the fat-fit and the fat-unfit despite significant differences in visceral fat content. Waist girth (cm) and VO 2 max (l per min) explained 70% of the variance in visceral fat in this study and these findings suggest that waist girth and aerobic fitness should be assessed in clinical practice. Waist girth was the only predictor of liver fat, explaining 25% of the variance. It is surprising that aerobic fitness was not related to liver fat, given that IHCL was lower in the fat-fit than the fat-unfit. Exercise training prevents steatosis in hyperphagic, obese rats, 33 but physical activity explained only 8% of the variance in liver fat in 191 non-alcoholic men and women. 34 These findings suggest that other factors may influence liver fat content. The expansion of adipocytes is associated with the accumulation of lipid in non-adipose cells in the liver, skeletal muscle and pancreas (ectopic fat), but some individuals with 'metabolically benign' obesity seem to have much lower levels of ectopic fat. 35 One possible explanation for the lower levels of visceral fat and liver fat observed in the fat-fit than the fat-unfit in this study is that ectopic fat may only accumulate when there is lipid 'overflow' from adipocytes and concomitant storage in non-adipose depots. 6, 10 This overflow may be less likely to occur in the fat-fit because 'metabolically healthy' individuals have the capacity to store excess fat in insulin-sensitive subcutaneous adipose tissue. 6 Indeed, Stefan et al. 35 recently found that ectopic fat was significantly lower in 31 obese individuals who were insulin sensitive than 96 obese individuals who were insulin resistant (obesity was defined as BMI X30 and insulin sensitivity was assessed during oral glucose tolerance tests). Ectopic fat may also be less likely to occur in those individuals whose lean tissue is able to maintain and/or increase fat oxidation to accommodate normal and/or Fat distribution in the 'fat-fit' G O'Donovan et al increased triglyceride levels, 10 such as the fat-fit. The presence of IMCL in fit men in this study is probably a normal training adaptation that allows fat to serve as a readily available fuel. 36 It is interesting that the ratio of visceral adipose tissue to SAAT was lower in the slim-fit and the fat-fit than the slim-unfit and the fat-unfit because visceral adipose tissue is associated with greater risk of chronic disease than SAAT. 37 Furthermore, data from the Framingham Heart Study suggest that SAAT may be a 'protective fat depot' in those with higher levels of visceral adipose tissue. 38 In men in the highest tertile of visceral adipose tissue, for example, the prevalence of high triglycerides was 52.7% in those with the greatest levels of SAAT and 64.4% in those with the lowest levels of SAAT (P ¼ 0.03 for trend). Data from the Framingham Heart Study also suggest that visceral adipose tissue levels are lower in those who lead a healthy lifestyle, including those who are physically active and those who follow dietary guidelines. 39 Our study has several limitations. There is some evidence that diet influences visceral and liver fat content in nonalcoholics, 40 ,41 but we did not investigate the confounding effects of diet. Visceral fat and liver fat vary considerably in healthy adults 17, 19 and our findings should be confirmed in a larger study with greater statistical power. Visceral fat and liver fat are associated with lipids and lipoproteins, 42 but a larger study would be required to investigate blood-borne cardiometabolic risk factors in the fat-fit. For example, we estimate that 45 participants would be required in each group to give a 90% probability at the 5% level of significance of detecting differences of 0.8±0.96 mmol l
À1
in low-density lipoprotein cholesterol concentration. [43] [44] [45] Our findings are in keeping with prospective studies suggesting that 'optimal' BMI is around 23 in young, white runners 46 and young white men in the general population; 47 but, these findings cannot be generalized to women, older adults and other groups. Cross-sectional data cannot be used to infer causality, but several randomized, controlled trials have found that aerobic exercise is accompanied by preferential reductions in visceral adipose tissue. 48 The 'fitness versus fatness' issue has provoked heated debate in recent years. 2 Blair and colleagues 21 have consistently found that physical fitness reduces or eliminates the risks associated with obesity. Others have found that obesity is a stronger predictor of chronic disease than physical fitness. 21 Various methodological factors may explain these differences, 2,21 but the highest risks of morbidity and mortality are found in those who are unfit and obese, regardless of study population, exposure measurements or outcomes. Therefore, Blair and colleagues 2, 21 have suggested that the debate between fitness and fatness is somewhat academic because physical activity is a treatment for low fitness and excess body weight. Blair 49 also suggested that weight loss was the wrong goal because physical activity is beneficial to health whether or not an individual loses weight. This study suggests that aerobic activity and the pursuit of physical fitness may be more appropriate goals in the battle against chronic disease.
